We report a unique constant phase element (CPE) behavior ( 1 Z = Q 0 ( jω) α ) of the electrolyte-graphene interface with both Q 0 and α showing dependence on the gate voltage. The frequency response of the electrolyte-graphene interface was studied using electrochemical impedance spectroscopy (EIS). The result suggests that (1) the electrolyte-graphene interface should be characterized as a CPE (α < 1), rather than an ideal capacitor; and (2) both Q 0 and α show ambipolar dependence on the applied voltage. We speculate that the CPE behavior of the electrolyte-graphene interface arises from the charged impurities on the substrate and the defects in the graphene lattice, which could introduce inhomogeneity of local density of states (DOS). The low density of states of graphene makes α sensitive to these local DOS near the Dirac point, and thus showing dependence on the gate voltage. Measurement of the electrolyte-graphene interface capacitance based on multi-frequency capacitance-voltage (CV) profiling was demonstrated, and the extraction of the carrier mobility was performed. The study could lead to a more accurate understanding of the capacitive behavior of the electrolyte-graphene interface, which is instructive for the design and analysis of devices involving the electrolyte-graphene interface for nanoelectronics and bioelectronics applications.
Introduction
The electrolyte-graphene interface plays a critical role in many promising applications of graphene, such as supercapacitors [1, 2] , biosensors [3, 4] , electrodes [5] , etc. It is, therefore, of considerable significance to have an accurate and more in-depth understanding of its properties. Of particular interest is its capacitance, which is a critical parameter that determines a device's performance. The electrolyte-graphene interface can be modeled as two capacitors in series connection: the capacitance of the electrical double layer (EDL) and the quantum capacitance of graphene. Theoretical calculations indicate that the quantum capacitance of graphene dominates the total interfacial capacitance for few-layer graphene at low gating potentials, which originates from the low density of states (DOS) in graphene at low energy levels [6, 7] . At potentials > 1 V, the total capacitance is limited by the universal capacitance of the EDL due to the dielectric saturation of water and the steric effects of the ions at the electrolyte-graphene interface [7] . Experimentally, Xia et al. [8] first measured the electrolyte-graphene interfacial capacitance and extracted the quantum capacitance of graphene; the measured interfacial capacitance was shown as a V-shape dependence on gate voltage with a non-zero minimum at the Dirac point. Several other reports have recently demonstrated similar voltage-dependence of the interfacial capacitance of graphene in various electrolytes, such as ion-gels [9] and aqueous electrolytes [10] [11] [12] .
These studies have revealed the voltage-dependence of the electrolyte-graphene interfacial capacitance; however, the measurements in most of these studies were performed at fixed frequencies, or within limited frequency ranges, thus failing to display the complexity of the capacitive behavior of the electrolyte-graphene interface. Typically, the liquid-solid interface does not behave as an ideal capacitor but is usually considered as a constant phase element (CPE), with the impedance (Z) in the form as follows [13] :
in which Q 0 has the numerical value of the admittance at ω = 1 rad/s. The impedance of an ideal capacitor has a phase angle of −90 • ; the phase angle of the impedance for a CPE is −90 • ·α (0 < α < 1). The frequency dispersion of the measured interfacial capacitance has been observed in several previous reports [10, 14, 15] . In Du et al.'s study [14] , two CPE were used in the electrolyte-graphene interface model, which can well fit the experimental results. In addition, the relatively high sheet resistance of graphene could also lead to the frequency dispersion of the measured interfacial capacitance due to the distribution of resistive and capacitive circuit elements along with the electrolyte-graphene interface [16] .
In this work, we studied the frequency response of the electrolyte-graphene interface using electrochemical impedance spectroscopy (EIS), and revealed a unique CPE behavior of the electrolytegraphene interface, showing both Q 0 and α are dependent on the gate voltage. The electrolyte-graphene interfacial capacitance was measured using capacitance-voltage (C-V) profiling at multiple frequencies using a transistor configuration. The carrier density was then derived based on the analysis of the measured interfacial capacitance; coupling with a conductivity measurement, we further extracted the carrier mobility in graphene.
Experiments
The schematic experimental setup in an electrode configuration is shown in Figure 1a . The EIS measurement was conducted with a Gamry Interface 1000T potentiostat in a three-electrode structure with a standard Ag/AgCl electrode as the reference electrode (RE) and a gold wire as the counter electrode (CE). The graphene electrode was connected to the working electrode (WE) of the potentiostat. The EIS spectrum was collected over a frequency range from 20 kHz to 0.1 Hz with an AC perturbation voltage of 10 mV rms. The potential of the graphene electrode was swept from −0.5 to +0.5 V vs. Ag/AgCl with a step of 0.05 V.
The schematic experimental setup in a transistor configuration is depicted in Figure 1b . The C-V profiling was conducted with a capacitance-voltage unit (CVU) in a Keithley 4200 Semiconductor Characterization System (SCS). The AC perturbation voltage was set to 10 mV rms. The transfer curve measurement was conducted with two source measure units (SMU) in the Keithley 4200 SCS, and the drain current (I d ) was measured with a 10 mV load (V ds ). In both cases, the gate voltage (V g ) was modulated using a Ag/AgCl reference electrode and swept from −0.5 to +0.5 V with steps of 1 mV and a scan rate of 10 mV/s.
The microscopic images of the graphene electrode and the graphene transistor are shown in the inset of Figure 1a ,b, respectively. Single-layer graphene grown on a Cu foil (ordered from Graphene Supermarket) was transferred onto the silicon wafer with 300 nm oxide and electrically connected using metal contacts fabricated by UV lithography, following the procedure described in our previous reports [3, 17] . A photoresist layer was employed to (1) precisely define the graphene area that was exposed to the electrolytes and (2) passivate the metal contacts. A polydimethylsiloxane (PDMS) well with an opening of 5 mm in diameter was placed on top of the chip for the confinement of the electrolyte (0.1 M NaF), and the Ag/AgCl reference electrode was inserted into the PDMS well. The experiments were repeated with three devices. 
Results and Discussion
We first studied the frequency response of the graphene electrode using EIS. Figure 2 shows the representative Bode plot of the graphene electrode. A capacitive regime with a phase shift of ~−80° is observed at 100-1000 Hz. At frequencies lower than 100 Hz, the electrode exhibits a mixed capacitive and resistive response. An equivalent Randles circuit model (inset of Figure 2b ) is used to fit the measured impedance, in which Rs represents the series resistance, including the access resistance and electrolyte resistance, CPE is the constant phase element, Zf is the faradaic impedance, and Zw is the Warburg impedance, which is attributed to the diffusion-limited faradaic reaction. The fitting yields a CPE with = 3.8 × 10 −9 S·s α and α = 0.89 which corresponds to the capacitive regime with a phase shift of ~−80° in the frequency range of 100-1000 Hz. The results suggest that the electrolyte--graphene interface behaves as a CPE rather than an ideal capacitor.
Using the Randles circuit model, the impedance spectrum of the graphene electrode was analyzed at different gate voltages. To be consistent with the measured results in the transistor mode, in Figure 2c ,d, the fitting parameters and α are plotted with respect to g , which equals the negative of the voltages applied to the working electrode.
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exhibits an ambipolar behavior with a minimum of 3.0 × 10 −9 S·s α at g +0.2 V and increases on both sides of the minimum value. Noting that is numerically equal to the capacitance at = 1 Hz, the result is expected and consistent with previous reports [7, 8, 10] . The non-zero minimum is attributed to the imperfections in graphene, such as the charged impurities on the SiO2 substrate and the defects in the graphene lattice, which could introduce residual carriers [8, 10, 18] . However, it is interesting that the factor α also exhibits a dependence on the gate voltage, which is unique for typical EDL. 
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in which is the elementary charge; ℏ is the reduced Planck's constant; ~ 10 8 cm/s is the Fermi velocity of carriers in graphene. Based on the approximation that the total carrier density in graphene is = (6) in which is the gate voltage induced carrier density; is the residue carrier density introduced by the charged impurities. Xia et al. [8] 
Considering the series arrangement of the EDL capacitance ( EDL ) and the quantum capacitance ( Q ), the total interfacial capacitance ( total ) can be calculated as
EDL , Q , and res can be determined self-consistently by fitting the measured capacitance ( 0 ) using Equations (5), (7) and (8) . The experimental result can be fitted using this model, as shown in Next, we show the extraction of the carrier density in graphene based on the measured interfacial capacitance, which allows us to calculate the carrier mobility in graphene. Based on the linear DOS in graphene, Fang et al. [20] derived the quantum capacitance of graphene as a function of the local electrostatic potential (V ch ) as follows (see Supplementary Materials, Note 2):
in which e is the elementary charge; is the reduced Planck's constant; v F~1 0 8 cm/s is the Fermi velocity of carriers in graphene. Based on the approximation that the total carrier density in graphene is n total = n g + n res (6) in which n g is the gate voltage induced carrier density; n res is the residue carrier density introduced by the charged impurities. Xia et al. [8] developed a model for the quantum capacitance C Q of graphene (see Supplementary Materials, Note 2 for the derivation of the model):
Considering the series arrangement of the EDL capacitance (C EDL ) and the quantum capacitance (C Q ), the total interfacial capacitance (C total ) can be calculated as
C EDL , C Q , and n res can be determined self-consistently by fitting the measured capacitance (Q 0 ) using Equations (5), (7) and (8) . The experimental result can be fitted using this model, as shown in Figure 6a . However, there is some systematic deviation between the fitted result and the experimental data. For example, at the low voltage range, the fitting results in a slight overestimation of the interfacial Nanomaterials 2019, 9, 923 8 of 10 capacitance. It is worth noting that a similar deviation is also observed in Xia et al.'s report [8] .
We speculate that such deviation could result from the imperfections in graphene, which present a different DOS profile and therefore behave like an extra capacitor in parallel with the graphene sites. As shown in Figure 6b , the experimental results can be better fitted by adding a compensating capacitance (C comp ) to the model (inset of Figure 6b) . The fitting gives a residual carrier density n res = 1.36 × 10 12 cm −2 , which is comparable to previous reports [18, 21] . Comparing with the previous report [8] , in which the C EDL was determined by theoretical prediction, our self-consistent fitting method could provide a more accurate result.
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Conclusions
In summary, we study the unique CPE behavior of the electrolyte-graphene interface with both and showing dependence on the gate voltage. The voltage-dependence of results from the low DOS of graphene near the Dirac point, which makes sensitive to the imperfections in graphene from the charged impurities on the substrates and the defects in the graphene lattice. A multi-frequency C-V profiling method is shown to be able to provide a reliable measurement of the factors and . We further calculated the EDL capacitance and quantum capacitance based on the analysis of the measured interfacial and extracted the carrier mobility in graphene. This study could provide a more accurate understanding of the electrolyte-graphene interfacial capacitance and thus be instructive for the design and analysis of the graphene-based applications that involve electrolytes.
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